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Microplasmas in ZnO Nano-forests under High Voltage Stress
Nafisa Noor
University of Connecticut, 2019

ABSTRACT
Microplasmas from ZnO have been generated by high amplitude single pulses and
DC voltages applied using micrometer-separated probes on ZnO nanoforests. The high
voltage stress results in strong blue and white light emission with sharp spectral lines and
non-linear current-voltage characteristics. The nanoforests are composed of ZnO nanorods
(NRs) grown on fluorine doped tin oxide (FTO) glass, patterned poly-crystalline silicon
microstructures, and bulk p-type silicon substrates.
The optical spectrum of the emitted light consistently shows three fine peaks with
high amplitude in the 465–485 nm (blue) range, corresponding to atomic transitions of
zinc. The broad-spectrum white light emission is possibly due to the free electron
transitions in the plasma, blackbody radiation from molten silicon, the recombination
through multiple defect levels in ZnO, and/or due to the optical excitation from solid ZnO.
The characteristics of the microplasmas depend strongly on the substrate and
voltage parameters. Plasmas can be obtained with pulse durations as short as
FTO glass substrate and

1 μs for

100 ms for the silicon substrates. Besides enabling plasma

generation with shorter pulses, NRs on FTO glass substrate also lead to better tunability of
the operating gas temperature. Hot and cold ZnO microplasmas have been observed with

vi

these NRs on FTO glass substrate. Sputtering of nanomaterials during plasma generation
in the regions surrounding the test area result in interesting ZnO nanostructures (‘nanoflowers’ and ‘nano-cauliflowers’).
The electrical measurements performed at different ambient pressures result in light
emission with distinguishable differences in the emission properties and I–V curves, which
indicate the dielectric breakdown of ZnO, sublimation, and plasma formation processes as
the underlying mechanisms. A practical way of generating atmospheric pressure ZnO
microplasmas may lead to various lighting, biomedical and material processing
applications.
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1 | Background Studies
Electro-thermal processes at micro-scale can give rise to rapid heating and melting
in presence of extreme thermal gradients. In the case of self-heated silicon micro-wires, a
significant asymmetry has been observed by our group with the application of 30 - 40 V
pulses. These structures have been used for crystallization studies as well as studies on high
temperature thermo-electric transport at small scales ( Figure 1.1) [1], [2].

d

e

Figure 1.1: (a-c) Scanning electron microscopy (SEM) images of suspended n-type Si wires: an asfabricated wire (in a) and two wires pulsed using indicated durations and amplitudes showing
melting on the source side (in b and c). (d, e) Optical images of two suspended, n and p-type wires
biased with shown voltage polarities showing asymmetric heating profile [1].
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To further the understanding of the high electrical stress effects at micro-scale, an
attempt was taken to characterize the electrical properties of zinc oxide (ZnO) nanorods
grown by The Agrios Group at the University of Connecticut on these Si micro-wires. A
number of high-stress electrical experiments were performed using closely spaced
electrical probes by Luca Lucera [3]. The ZnO nanorods were also grown on other
substrates, including SiO2, ITO, single-crystal silicon, and paper. In all cases bright light
emission was observed for increased voltages.

(a)
p+ Si

Probes

Optical fiber

ZnO nanorods
SiO2
ZnO growth
50 µm

Patterned
poly-Si µ-wire

(b)

2.5 µm

(c)

Figure 1.2: (a) SEM image of the ZnO nanorods grown on ~ 100 nm thick highly doped patterned
p++-type silicon microstructures (before and after ZnO nanorods growth), (b) cross section SEM
image of the ZnO nanorods, and (c) schematics of the electrical probes and optical fiber
arrangement [4].

Intense blue and white light emission could be consistently achieved for high
electric fields (~3-7 V/µm) on ZnO nano-forests using tungsten probes (Figure 1.3 and
Figure 1.4) [4], [5]. The abrupt increase in current at higher fields, sharp spectral peaks and
very high local temperatures (observed as significant probe melting) indicated ZnO
dielectric breakdown, sublimation, and plasma generation [4].
2

Figure 1.3: Frames extracted from high-speed videos showing light emission and changing
percolation paths during DC tests with an approximate probe distance of 10-15 μm. Probe locations
and applied voltage polarity are as indicated in yellow [4].

Figure 1.4: Frames extracted from high-resolution videos showing light emission from the ZnO
nanorods contacted by tungsten probes during AC excitation with 10 Hz – 10 kHz frequency ranges
with indicated peak-to-peak voltage levels. The approximate probe separation was 10-15 μm.
Similar visible emissions occurred with pulse stresses. Probe positions are as indicated in yellow
[4].

3

In some cases, orange-pink regions were also observed (Figure 1.3). Light emission
was very intense, scaling with the applied voltage and as multiple brief flashes during long
excitations. Emitted light seemed to follow a changing percolation path between the
contacts as the materials experience changes in thermal and electrical properties over time
due to the high electric stress (Figure 1.3) [4].
The spectra obtained by Lucera from a large number of measurements with DC,
AC and pulse analyses (Figure 1.5) consistently showed three high-intensity fine spectral
lines at ~481 nm ~472 nm and ~467 nm of wavelengths [5]. This triplet in blue corresponds
to atomic electron transitions (AETs) in neutral zinc (Zn I) atom. The localized orangepink glow in some cases (~635 nm) can also be ascribed to another AET of neutral zinc
(Figure 1.5). Higher amplitude and longer duration voltage pulses resulted in greater
overall intensity of the emitted light [4]. A broad-spectrum (white light) emission was also
associated with the blue light under certain conditions (Figure 1.5a). The lack of broadspectrum emission in some of the DC experiments indicates a distinct difference in plasma
conditions (Figure 1.5).
SEM images taken after DC electrical analysis (Figure 1.6a) show melting of the
materials between the contacts and an optical image of the tungsten probes after some of
the measurements (Figure 1.6c) indicate melting of the probe tips. Hence, in some cases,
the local temperature exceeds the melting point of tungsten (3,422 °C) [4].
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Figure 1.5: (a) Optical spectra obtained from DC sweeping of 0 V to 80 V (marked as blue), AC
excitation with amplitude of 40 V and frequency of 1 kHz (marked as red), and single pulse voltage
with amplitude of 35 V and duration of 10 μs (marked as black). Corresponding atomic electron
transitions in the excited species are indicated adjacent to the spectral lines. The inset shows the
characteristic peaks (triplet) for neutral Zn atoms. (b) Example DC I-V characteristic from 0 to 80
V in steps of 1 V through the ZnO nanorods. The entire DC sweep was carried out in ~10-15
seconds. Inset shows the optical image of the probe arrangement before the test (top) and a frame
from high-resolution video of the light emission (bottom) [4].

a

ZnO
nanorods

Molten
path

b

Before test

c

After test

1 μm

Figure 1.6: (a) Scanning electron microscope image of the molten path of current flow between the
contacts after a DC test showing evidence of melting and recrystallization of the material under
electrical stress. (b,c) Optical microscope images showing two tungsten probes placed on a
continuous ZnO nano-forest before and after a DC measurement test. Melting of the micrometer
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size probe tips during the electrical test suggests local temperatures above the melting point of
tungsten (3,422 °C) [4].

This work focuses on trying to understand the mechanisms associated with plasma
formation and light emission from ZnO nanostructures for various substrates, ambient
pressures and electrical stress conditions [6]–[9].
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2 | Zinc Oxide Properties
Interest in environmentally friendly semiconductors, bio-compatible [10],
functional nanostructures [11], nanoscale electronic devices and large area electronics has
led to significant research efforts in metal-oxide semiconductors such as zinc oxide (ZnO).
ZnO is a common low-cost anti-bacterial [12] material of the II-VI semiconductor group
that forms various nanostructures depending on the process conditions. ZnO is easily
available, abundant and inexpensive. It is stable in high-energy radiation and amenable to
wet chemical etching [13].
ZnO is a direct band gap material. Its wide band gap (~3.4 eV) and large exciton
binding energy (~60 meV) have attracted attention for photonic applications [14]. The
easier and cheaper growth techniques may allow ZnO to be an economic substitute for
many other widely used optoelectronic materials, for example GaN. ZnO devices have so
far been demonstrated for several optoelectronic applications, such as room temperature
lasing [15], dye sensitized solar cells [16], [17], heterojunction light emitting diodes [18],
photodetectors [19], transparent thin film transistors [20], and phosphors [21].
ZnO typically grows as an n-type semiconductor due to oxygen deficiencies, and
has been used as the n-type material in hetero-junctions [22], but there have also been
significant efforts to produce high-quality p-type ZnO to form homo-junction light emitting
diodes (LED) that can produce UV [18], blue [23], or white light [24].

7

ZnO is said to be the wealthiest family of nanostructures with varieties of 1D or
quasi 1D nanostructures [11] exhibiting high crystalline quality and good carrier transport
[14]. It is also one of the substances that sublimate congruently at atmospheric pressure
[25]:

1
ZnO( s )  Zn( g )  O2 ( g ) ……………………………….. (2.1)
2
The sublimation temperature of ZnO is ~380 °C for the Zn surface and ~600 °C for
O surface. ZnO decomposes into zinc vapor and oxygen at ~1975 °C [26].
Wurtzite is the most thermo-dynamically stable phase of ZnO at ambient condition
[22] which lacks inversion symmetry and thus demonstrates spontaneous polarization
along the c-axis [11]. The resulting large elecromechanical coupling and piezoelectricity
in ZnO extends its fields of application to piezoelectric transducers [27], surface acoustic
wave (SAW) devices [28], actuators, electromechanical sensors [29], nanogenerators [30],
and many other devices. ZnO doped with transition metals has been claimed to manifest
ferromagnetism having prospective interest in spintronics [31].
ZnO has been used in dental cements [32], facials and baby diaper creams [33]. It
is also used in sunscreens by virtue of its UV absorption quality [34]. ZnO nanomaterials
also have potential applications in cancer treatment by selective destruction of the
malignant cells while showing benignity toward normal cells [35]. In a recently reported
work, it has been shown that ZnO nanorods can potentially be used for hardware security
applications [36].
In this chapter, the crystal structure, and the electrical, thermal, optoelectronic and
mechanical properties of ZnO are discussed briefly.
8

2.1 Crystal Structure
ZnO has three crystal structures (Figure 2.1) – hexagonal wurtzite (B4), cubic zinc
blende (B3), and cubic rocksalt (B1). The wurtzite structure is the most thermodynamically
stable phase at ambient condition [37].
The wurtzite structure is composed of two interpenetrating hexagonal close packed
(HCP) sub-lattices where each sub-lattice has four atoms per unit cell. In this structure,
each anion is surrounded by four cations at the corners of a tetrahedron with sp3 covalent
bonding, and vice versa. Table 2.1 lists different planes and axes in wurtzite structure. The
(0001) plane and the associated <0001> direction are the most widely used ones for growth
purpose [37].
The cubic zinc-blende structure consists of two interpenetrating face centered cubic
(FCC) sublattices where the second sublattice shifts along the body diagonal of the first
one by a quarter of the body diagonal. Like wurtzite structure, it has four atoms per unit
cell and encompasses the sp3 covalent bonding in the tetrahedral coordination. This
structure can be stabilized in ZnO only by heteroepitaxial growth on a cubic substrate [38].

(a)

(b)

(c)

Figure 2.1. Crystal structures of ZnO – (a) hexagonal wurtzite structure, (b) cubic zinc blende
structure, and (c) cubic rocksalt structure.
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Plane

Miller index

Polarity

c-plane

(0001)

Polar

a-plane

(11-20)

Non-polar

m-plane

(10-10)

Non-polar

r-plane

(1-102)

Semi-polar

Table 2.1: Different planes in wurtzite structure [39] along with their associated miller indices and
polarities.

The ionic rocksalt (NaCl) structure is obtained at relatively high external
hydrostatic pressures (~10 GPa). Due to the reduction of lattice dimension at elevated
pressure, the inter-ionic coulomb interaction dominates over the covalent bonding [22].
All of the aforementioned crystal structures in ZnO lack inversion symmetry and thus
exhibit crystallographic polarity. The [0001] direction or the positive z direction in wurtzite
structure points from O plane to Zn plane while the (000 1 ) or the negative z direction
points from Zn to O plane. Polarity influences many of the other properties in ZnO, such
as growth, defect generation, polarization, and piezoelectricity [22].

2.2 Electrical properties:
ZnO has a direct bandgap of ~3.4 eV at room temperature. The electronic band
diagram for the wurtzite structure is shown in Figure 2.2(a). Because of the large bandgap,
it is suitable for high-temperature and high-power operation. Moreover, ZnO offers higher
breakdown voltages, ability to sustain large electric fields, and lower noise generation as a
result of the wide bandgap. The major scattering mechanisms for ZnO are due to ionized
impurity, polar LO-phonon, acoustic-phonon, piezoelectric strain, and dislocations and
10

defects. Room temperature mobility of bulk ZnO is 300 cm2/Vs. Figure 2.2(c) shows the
electron drift velocity vs electric field for ZnO and GaN [22].

c

Figure 2.2: a) Electronic band diagram of the wurtzite structure, b) density of States, c) electron
drift velocity vs electric field for the wurtzite-structure ZnO and GaN [22], [40].

ZnO is a naturally n-type semiconductor even when undoped. The presence of some
native defects, such as the Zn-on-O antisite, the Zn interstitial (ZnI), the O vacancy (VO)
[41], and hydrogen (positive charge state) [42] are ascribed for this residual n-conductivity.
Intentional n-type doping is usually achieved by substituting Zn with group III atoms
which result in shallow donors for ZnO [43]. The theoretical predictions suggest group V
elements, especially Nitrogen for its small ionic radius, to be the best acceptor considered
so far to replace O sites in ZnO [44]. However, high binding energy of the acceptors (~150
meV, as obtained from experiments), limited maximum achievable hole concentration at
room temperature (~1018 /cm3), and low Hall mobility (~0.1-2 cm2/Vs) give rise to the
hurdles in accomplishing p-type ZnO. According to some researchers, stable p-type doping
in ZnO is still not available due to difficulties in ensuring reliability and reproducibility
[45].
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2.3 Optical properties:
ZnO is one of the most widely used luminescent materials. Besides its high exciton
binding energy and wide direct energy bandgap, ZnO also has a large number of extrinsic
and intrinsic deep-level impurities. Thus, it can emit light of different colors [46].
The intrinsic ‘native’ deep levels in ZnO are oxygen vacancy (VO), zinc vacancy
(VZn), oxygen interstitial (Oi), zinc interstitial (Zni), oxygen anti-site (OZn), and zinc antisite (ZnO). In addition, there are also some native defect clusters that are formed by
combining two intrinsic deep levels, such as, VOZni. These native defects play an important
role in the unintentional n-type conductivity of ZnO [46]. They also control the minority
carrier lifetime and luminescence properties of ZnO. Li, Cu, Fe, Mn, and OH are reported
as the common extrinsic deep-level defects in ZnO [46].
The room temperature photoluminescence (PL) spectrum of ZnO generally consists
of a near-band-edge (NBE) ultra-violet (UV) emission and at least one broad band (400750 nm) emission due to deep levels, which is called deep level emission (DLE) (Figure
2.3a). The NBE UV emission is attributed to the radiative recombination of free excitons.
On the other hand, the broadness of DLE results from the superposition of many different
deep levels emitting at the same time [46]. Figure 2.3a shows the PL spectrum of n-ZnO
nanotubes grown on p-GaN. The nanotubes possess large surface to volume ratio which
provide increased concentration of surface defects. The DLE in this PL spectrum is
ascribed to the injection of the holes from p-GaN toward the ZnO nanotubes and their
recombination with defect states in the ZnO nanotubes [46]. Figure 2.3b demonstrates
electroluminescence (EL) spectrum of 4H-p-SiC/n-ZnO heterojunction light emitting
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diode (LED). The peaks at 430 nm (violet), 527 nm (green) and 683 nm (red) in the EL
spectrum is responsible to different defects of ZnO [46].

a

b

Figure 2.3: (a) Room temperature photoluminescence (PL) spectrum of ZnO nanotubes grown on
GaN [46]. (b) Room temperature electroluminescence (EL) spectrum of 4H-p-SiC/n-ZnO
heterojunction LED [46].

2.4 Thermal and mechanical properties:
ZnO has high heat capacity, high heat conductivity, and low thermal expansion
coefficient. Its melting point is high (1975°C) at which ZnO decomposes to zinc vapor and
oxygen [47]. Sublimation of Zn occurs from the Zn-face at ~380°C and that from O surface
takes place above ~600°C [26].
ZnO has the highest piezoelectric tensor among the tetrahedrally bonded
semiconductors [48]. Therefore, it is important in applications requiring large
electromechanical coupling. Due to the low symmetry of the wurtzite structure, ZnO has
spontaneous polarization along the c direction. ZnO is softer than GaN [22].
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2.5 ZnO Growth

Table 2.2: Pros and cons of various growth techniques used for ZnO films and nanostructures [49].

ZnO nanostructures and films are grown using different techniques. Each growth
technique has its own advantage and disadvantage. The most commonly used growth
techniques are physical vapor deposition (PVD), chemical vapor deposition (CVD), metal–
organic chemical vapor deposition (MOCVD), pulse laser deposition (PLD), vapor–liquid–
solid (VLS), hydrothermal and chemical bath deposition. Table 2.2 depicts the advantages
and disadvantages of different growth techniques used for ZnO films and nanostructures
[49].

14

It is presumed that the vertically aligned ZnO nanorods grown in controlled and
ordered fashion are of greatest interest among all ZnO nanostructures because of the easy
electrical and optical accessibility of individual nanostructures [43].

2.6 Applications
ZnO has a very broad range of applications. Besides its electronic and photonic
applications, it is largely used in rubber and ceramic industries. Because of its antibacterial
properties, it is used in temporary dental cements where it is combined with eugenol to
improve the strength of the intermediate restorative material (IRM) [50]. ZnO is also
widely used for baby diaper rash creams, skin protectant ointments [51], and athletic tapes
[52]. It also has the popular usage in the UV blocking sunscreens for kids and adults [53].
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3 | Plasma Basics
3.1 Plasma – the 4th state of matter
Plasma is a distinct state of matter which is like a gaseous phase with a certain portion
being ionized [54] (Figure 3.1). This fundamental state comprises a concoction of
positively charged ions, neutral atoms and negatively charged unbound electrons. Neutral
atoms and positively charged ions are termed as heavy particles in plasma [55]. The
ionization is induced by an energy source supplying a strong electromagnetic field [56].
Even a low level of ionization makes this state of matter conductive and highly responsive
to electromagnetic fields.

Deposition

Sublimation

Gas

Liquid

Solid

Figure 3.1: States of matter and transitions among them.
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Enthalpy of system

Plasma

3.2 Plasma physics – terms and parameters


Collective behavior

The charged particles need to be close to each other so that each of them has
significant influence on the adjacent particles. This distinct feature is known as collective
behavior of plasma.


Plasma density

Plasma density is the number of free electrons per unit volume of the plasma.


Plasma temperature

Plasma temperature refers to the individual temperature of each species. The
temperature of each particle in the plasma is defined by the kinetic energy of the particle.

1
3
K.E.  mvav2  kT ……………………..………….. (3.1)
2
2
where, m = mass of the particle,
vav = average thermal velocity of the particle,
k = Boltzmann constant,
T = absolute temperature (K) [55].
Hence, the particle temperature is usually measured in eV (1eV = 11,605K) [57].


Degree of ionization

Degree of ionization is the fraction of ionized particles among all particles.

 

ni
………………………………………….. (3.2)
ni  n n

where, α = degree of ionization,
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ni = number of ionized atoms
nn = number of neutral atoms.
The degree of ionization depends mostly on temperature.

3.3 Hot and cold plasmas
In a thermal plasma, electrons and heavy particles (ions and neutral atoms) have the
same temperature. In other words, local thermal equilibrium exists between the electrons
and heavy particles. As the temperature of the heavy particles is high in thermal plasma,
this is also called hot plasma. On the other hand, the electron temperature in non-thermal
plasma is higher than that of the heavy particles. Thus, the local thermal equilibrium is not
maintained among the species, that are in different velocity distributions in non-thermal
plasma. Either of the species does not follow the Maxwell-Boltzmann distribution. Due to
the lower temperature of the heavy particles or gas particles in non-thermal plasma, this is
also called cold plasma [55]. In thermal plasma, the degree of ionization is usually very
high while it is quite low (about 1%) in a non-thermal plasma. When the excited species in
plasma relax, energy is released in the form of electromagnetic radiation. Hence, plasma
always accompanies radiation, such as light.
Traditional plasmas are generated in large volumes and electrode separation. Hence,
they are very likely to reach thermal equilibrium or generate a collision-dominated hot
plasma at atmospheric pressure. The collision rate is substantial at this pressure range.
Thus, the energy of the electrons (Te) reduces while that of the heavy particles (Tg)
increases through these collisions. As a result, a thermal equilibrium is reached eventually.
In lower pressure on the other hand, the mean free path for collision is much longer which
18

result in fewer collisions. Thus Te does not reduce that much and Tg also cannot go very
high which prevents thermal equilibrium state at lower pressure (Figure 3.2) giving rise to
a cold plasma [55].

Figure 3.2: Plot of electron temperature (Te) and gas temperature (Tg) vs. pressure (where the gas
temperature means the temperature of ions and neutral atoms). Local thermal equilibrium is not
maintained at pressure much lower than the atmospheric pressure [55].

3.4 Applications of plasmas
Cold plasmas generated in large volumes have applications in the very large scale
integration (VLSI) circuit manufacturing processes – such as etching, deposition (e.g.,
plasma enhanced chemical vapor deposition and pulsed laser deposition), surface
modifications, surface cleaning (removal of organic material), and so on [58].
Cold atmospheric pressure plasmas have also gained substantial attention in the area
of food processing [59], sterilization of teeth, endodontics [60], [61], hand sterilization,
19

wound healing etc. Plasma needle, plasma torch, plasma pencil, plasma jet and
HandPlaSter are some of the plasma devices used in the medical and dental treatment
purposes [62].

Figure 3.3: Applications of plasmas in a) hand sterilization [63], b) plasma pencil for blood
coagulation [64], c, d) plasma needle for dental cavity treatments [60], e) plasma food processing
[65].

3.5 Microplasma
When plasma is created in small dimension (ranging from few micrometers to few
millimeters), it is typically referred to as microplasma or micro-cavity plasma [66].
Microplasma can be thermal or non-thermal which means that it can be generated at a wide
range of temperature and pressure. However, most of the commercial microplasmas are
non-thermal.
Since the distance between the electrodes is reduced in microplasma, the operating
pressure of the gas needs to be larger than that in traditional plasma in order to maintain
20

similar breakdown voltage. This reciprocal relation between pressure and probe distance is
described in Paschen’s law (Figure 3.4) as [67].

Vb 

a ( pd )
……………………………………….. (3.3)
ln( pd )  b

where, Vb = plasma breakdown voltage (the voltage at which the plasma strikes),
pd = product of pressure and probe distance,
a, b = gas constants.

Figure 3.4: Paschen’s law shows dependence of breakdown voltage on the product of pressure and
probe distance [68].

Figure 3.5 shows different characteristic areas of plasma achieved from
combinations of different probe distances (d) and different electron densities (ne). The
traditional plasma is the one generated with low electron density keeping large probe
distance and very low pressure, whereas, the exotic plasma has completely opposite
operating conditions. Plasmas generated at different pressure range with sub-millimeter
probe distance are termed as microplasma and their area of operation is categorized as the
mezzo-exotic area. As the operating pressure range increases in microplasmas, the
21

optimum medium density also increases accordingly. Hence, not only the high-pressure
gases but also the high-density materials can serve as the microplasma media upon
sublimation. Therefore, it becomes possible to get high plasma density (i.e. high density of
free electrons in the plasma) even with a small or moderate degree of ionization. Hence,
microplasma is called collision dominated high-density plasma [69].

Figure 3.5: Microplasmas generated under different pressures (i.e. different probe distances, d) and
with different electron densities, ne are utilized in diverse fields of applications [69].

Microplasmas have several advantages, such as, low cost for operation when
operated near or at atmospheric pressure [70], low power consumption [71] and mask-less
etching [72]. In case of non-thermal microplasmas, enormous population of energetic
electrons [69], non-equilibrium thermo-dynamics [73], non-Maxwellian electron energy
[74] and excimer generation [75] have make these gain vast attraction in the fields of
photonic devices [76], [77], nanomaterial synthesis [77], and micro-machining.
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In case of elastic scattering between electrons and neutrals/ions, if the gas
residence/dwell time, τd or pulse duration, τp (when operated in pulsed mode) can be made
shorter (in ms to μs range) than the electron energy relaxation time (τE), the excited
electrons will not get enough time to completely release the excess energy of scattering to
the neutrals/ions even at high-pressure ranges [78]. That is how the electron temperature,
Te can be made much higher than the gas temperature, Tg and the non-thermal equilibrium
state will be maintained near atmospheric pressure ranges. Hence, microplasmas can be
made either thermal (hot) or non-thermal (cold) by engineering the τd or τp [69] (Figure
3.6).

Figure 3.6: Pressure dependence of microplasma electron temperature and gas temperature. Nonthermal/cold microplasma can be generated even at atmospheric pressure [69].

Microplasmas have gained substantial attention in the field of nanomaterial
fabrication technology [77]. It is also used in environment friendly, flat, thin, mercury-free,
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lead-free, cheap, and long lasting lighting technology [79] (Figure 3.7). These uniform and
high-quality lights can be used in all possible usages of LED lights.

Figure 3.7: Microplasma lighting with inverted square pyramidal cavity [79]. This device was
fabricated in silicon substrate by micromachining which facilitated the opportunity of fabricating
large arrays of microplasma devices at similar cost. The micro cavities were formed by etching the
<100> until the <111> plane was formed using a common KOH etch. Hence, these cavities could
be made smaller with high packing density in the array [80]. The UV emission produced by the
individual devices or arrays is employed in exciting a phosphor film and thereby producing visible
light. Various approaches have been promoted to improve the lifetime of the glow and reduce the
power requirement – such as utilizing dielectric stack of SiO2, Si3N4 and polyimide, exciting
different portions of the array independently [81].

3.6 Sublimation thermodynamics
ZnO is one of the materials that congruently evaporates at atmospheric pressure
before reaching a liquid state. This kind of phase transition is called sublimation. The
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sublimating materials generate enough vapor pressure at atmospheric pressure that they
directly transform their phase from solid to gaseous as the temperature is increased. The
phase transition processes for materials that do not sublimate and the ones that do at
atmospheric pressure are portrayed in Figure 3.8. These two kinds of materials are termed
as material type X and Y, respectively, in this figure.

Material
(X)

Material
(Y)

Vapor pressure (mm)

Boiling point
G

F

C

760

Vapor

Liquid

Boiling point

Melting point

E
Vapor Solid

Liquid

Vapor

D
B
Solid

Melting point
Vapor

A

Temperature
Figure 3.8: Phase transitions of two different material types (X and Y) [82].

Material type X exhibits normal change-of-state behavior on being heated, going
from solid → liquid → gas. On the other hand, material type Y develops enough vapor
pressure to vaporize completely at a temperature below its melting point. Hence, it shows
solid → gas transition only. Thus, material type Y sublimates at atmospheric pressure as
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its vapor pressure is greater than the atmospheric pressure at the melting point. Material
type X is also able to sublimate at a reduced environmental pressure (below point B in
Figure 3.8). ZnO is one of the rare type Y materials [82].

3.7 ZnO microplasma
Techniques to produce ZnO microplasmas can lead to various applications. It will
combine the numerous useful properties of ZnO and those of microplasmas.
Generation of ZnO plasmas has typically been done using pulsed laser ablation [83]–
[85] to obtain high-quality ZnO thin films and nanomaterials [86]. In this technique,
focused laser is irradiated on a target material. The laser energy causes evaporation or
sublimation on the target material which is followed by impact ionization process. As a
result, the plasma plume is formed which is directed toward a substrate for film deposition.
We have shown that ZnO microplasmas are obtained when high electrical stress is
applied using micrometer separated probes on ZnO nano-forests [4]. In the following
chapters, the underlying mechanism for the plasma formation and further electrical studies
will be presented in detail.
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4 | Growth Procedure
4.1 Phases of growth experiments
The growth part of this work was done with the Agrios group with the Center for
Clean Energy Engineering (C2E2) at University of Connecticut. Using the facilities of
their lab and with the guidance of the graduate students, growth of ZnO nanostructures
were performed in three phases. During growth phase I, nanorods (NRs) of moderately
larger diameter (with approximate average of ~500 nm) were achieved. In growth episode
II, parameters were modified to obtain smaller diameter NRs to observe the effect of NR
size on the electrical analysis. Growth episode III involved nanorods of both smaller and
larger sizes as well as the thin films. Based on the quality of growth and success in the
electrical measurements, growth episode III was found to be the most promising one. In
this chapter, the step by step growth process followed in episode III will be described.
Episode

Semester

Substrates

ZnO
Morphology

Size (Avg.
diameter)

I

Spring 2013

Bulk p−-Si,
p -poly-Si µ-wire,
FTO glass.
Bulk p−-Si,
++
p -poly-Si µ-wire,
FTO glass, GST.
Bulk p−-Si,
++
p -poly-Si µ-wire,
FTO glass.

Nanorods,

~500 nm

++

II

III

Fall 2013

Spring 2014

Nanopetals
Nanorods,
Nanopetals
Nanorods,

~100 nm

Thin film

~500 nm

Table 4.1: Timeline for the growth phases of the ZnO nanostructures.
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~50 nm

a

2 µm

b

2 µm

Figure 4.1: ZnO nanopetals grown on aluminum metal pads during phase I (a) and phase II (b). The
highly conductive aluminum pad passed so high current that no ZnO plasma was produced with
these nanostructures.

4.2 Growth of ZnO NRs
Chemical bath deposition (CBD), a low-cost solution-based deposition technique
[87], [88] was used to grow ZnO NRs on 3 different substrates – commercial fluorine doped
tin oxide (FTO) glass, highly doped p-type patterned poly-crystalline silicon (p++-poly-Si),
and lightly doped p-type single crystal silicon (p−-sc-Si). Prior to growth, these substrates
were cleaned with deionized water, soap solution and ethanol, and then dried with nitrogen.
The seed solution was then prepared by mixing 0.0457 mg of zinc acetate dihydrate and 50
ml of ethanol. The top part of the cleaned and dried substrates was drop coated with the
seed solution. Afterwards, the samples were sintered at 350° C for 30 minutes. The
precursor solution was prepared by adding 25 mM of zinc nitrate hexahydrate, 25 mM of
hexamethylenetetramine and 6 mM of polyethyleneimine in water. The sintered samples
were then carefully dipped into the precursor solution and kept at 90° C for 24 hours
(Figure 4.2) [6].
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(a)

(b)

(c)

(d)

Hot
plate

Figure 4.2: Schematics of the growth process for ZnO nano-forests – (a) Preparation of the seed
solution, (b) Drop coating of the seed solution on all the substrates, (c) Sintering at 350°C for 30
minutes, and (d) Annealing the samples in a precursor solution in an oven at 90°C for 24 hours [6].

(a)

(d)

1 µm

1 µm

(b)

1 µm

(e)

1 µm

(c)

(f)

1 µm

1 µm

Figure 4.3: False colored scanning electron microscope (SEM) images of ZnO NRs with average
diameter of (a) ~100 nm on FTO glass, (b) ~150 nm on patterned p++-poly-Si, (c) ~100 nm on p−sc-Si, (d) ~400 nm on FTO, (e) ~600 nm on p++-poly-Si, (f) ~500 nm on p−-sc-Si [6].
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Using two different water concentrations for the seed solution, two different sizes of
NRs were obtained; one with an approximate average diameter of ~100 nm and the other
with ~500 nm [89]. Both concentrations led to dense and homogeneous growth of ZnO
NRs with characteristic wurtzite structure [6].

4.3 Growth of ZnO thin films
ZnO thin films were grown using the ‘doctor’s blade’ technique [90] (Figure 4.4)
on p−-sc-Si, p++-poly-Si, and FTO glass substrates. In this technique, first a ZnO paste was
prepared. A rectangular hole was made on a scotch tape. The scotch tape was placed on the
substrate. The substrate was firmly secured on a table top. Two supporting glass slabs were
also placed in parallel with the substrate on the two sides. Then a big chunk of the ZnO
paste was dropped at the opening of the scotch tape on the substrate. With a glass rod, the
ZnO paste was rolled over so that it spreads to the entire hole. At the end, the scotch tape
was peeled off and we got the desired thin film of ZnO on the substrates.
Supporting
Glass slabs

ZnO paste
Glass rod

ZnO paste
Rectangular
hole

Table top
Substrate

Scotch tape
Figure 4.4: Growth process of the ZnO thin film using Doctor’s blade technique.

Although the thin films grown on different substrates using this technique were
greatly non-uniform with several regions with over-growth (Figure 4.5), there were some
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areas with an approximate size of few micrometers. The electrical measurements were
performed on these areas.

5 µm
Figure 4.5: Scanning electron microscope image of ZnO thin film grown by doctor’s blade
technique on FTO substrate.
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5 | Electrical Measurement Setup
5.1 Atmospheric pressure measurements
Atmospheric pressure pulse and DC
measurements were carried out on all

g

samples in an Alessi probe station equipped
with

high-precision

probe

f

micro-

manipulators and high-magnification optics

e

(Figure 5.1). The tungsten probe tips with
2.4 μm tip radius and 45° angle (Cascade

a

c

b

d

Microtech, PTT-24/4-25) were slightly
slided through the ZnO nanoforest in order
to ensure good electrical contact (Figure
5.2a). The probe separation for all electrical Figure 5.1: Probe station equipped with: (a)
high-resolution probe micro-manipulators, (b)

measurements was ~20 μm. A high- probes, (c) optical fiber, (d) spectrum

sensitivity 1080p HD camcorder with a analyzer, (e) high-magnification optical
frame rate of 60 fps (Sony, HDR-CX160)
was connected to the microscope head for
imaging during the measurements [6].
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microscope, (f) HD camera, (g) sample (in
inset). The inset shows the experimental area.

Optical
fiber

a

Probes

Voltage

b

τpulse

ZnO
nanorods

Vpulse

Substrate

Vbase
Ttotal

c

Experimental
region
Optical
fiber

Pulse
generating
unit

Experimental
region

1 MΩ

1 MΩ

Spectrum
analyzer

Ch1

Ch2

Semiconductor
parameter
analyzer

1 MΩ

50 Ω

Time

d

Optical
fiber
Spectrometer

Oscilloscope

Figure 5.2. (a) 3D schematic for the probe arrangement through the ZnO nanorods. (b) Schematic
of applied single pulse: pulse voltage (Vpulse) with duration τpulse and baseline voltage (Vbase) with
total duration Ttotal. (c) Experimental setup for the pulse measurements. (d) Experimental setup for
the DC measurements [6].

In order to understand the physical mechanisms that lead to light emission, a
wideband (200–1100 nm) optical spectrometer with 1 nm resolution (Ocean Optics,
HR2000+) coupled with an optical fiber was incorporated with the system for spectral
analysis. The fiber tip was attached to a probe arm and was aligned to the test area using a
micromanipulator. The dark (background) spectrum of the residual light was acquired and
subtracted from all spectra acquired during electrical stress. An integration time of 100 ms
was used for the spectrometer for all measurements. The coaxial cable lengths were
matched to minimize the difference in phase delay. A black enclosure surrounding the
whole setup was used and the other room light sources were turned off during the
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measurements to eliminate ambient light. The measurements were controlled through a
computer.
For the pulse experiments, an Agilent 8114A pulse generator was used to apply
single pulses of different amplitudes (Vpulse = 10-40 V) and durations (τpulse = 1 µs – 100
ms). A baseline voltage with amplitude of Vbase = 10 V and duration of Ttotal = 10

τpulse

was used before and after the pulse (Figure 5.2b). Before the pulse, Vbase was added to
make sure that there was no plasma formation during the application of Vbase alone. After
the pulse, Vbase was added to monitor the current and to slightly prolong the plasma after
the pulse so that the emitted light could be completely acquired by the camera and spectrum
analyzer [6]. A LabVIEW program was used for instrument control and data acquisition.
The applied voltage and resulting current were measured simultaneously using a
synchronized oscilloscope (Figure 5.2c).
For the DC analysis, a parameter analyzer Agilent 4145B was used to sweep the
applied voltage from 0 to 80 V and monitor the resulting current (Figure 5.2d) [6]. The
electrical resistivity of the bare polysilicon substrate and the sample with ZnO nanorods on
polysilicon were measured using a four-point probe method.

5.2 Vacuum measurements
The vacuum measurements were carried out
in a Janis cryogenic probe station at 2.5 mTorr
(medium vacuum). DC analysis was performed on
the sample grown on polysilicon substrate.
Figure 5.3: Cryogenic probe station.
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6 | Results and Discussions
6.1 Hot or cold plasmas for different pulse durations and
amplitudes
We were able to control the intensity and wavelength of the emitted light by changing
the amplitude and duration of the applied pulse voltage. Gradual increase of pulse
amplitude (Vpulse) at a constant pulse duration (τpulse) gave rise to increased light intensity.
With a τpulse of 100 µs, the Vpulse was varied from 10 V to 40 V in 10 V steps keeping a base
voltage (Vbase) of 10 V with the total duration (Ttotal) of 1 ms for the ZnO NRs with average
diameter of ~100 nm on FTO substrate (Figure 6.1). The smaller amplitudes (10 and 20 V)
resulted in blue light with low intensity (Figure 6.1a and b) while the higher ones (30 and
40 V) caused white light with blue glows with an overall increase in intensity (Figure 6.1c
and d). All the resultant spectra incorporated the spectral lines at 480, 472 and 467 nm (for
the blue light) corresponding to the atomic electron transitions (AET) in neutral Zn atoms
[91]. The increase in Vpulse also initiated a broad continuum in the emission spectrum
between

200 and 900 nm corresponding to the white light observed near the positive

probe (Figure 6.1c and d). The broad continuum can be a result of several processes, such
as, thermal Bremsstrahlung emission (due to free-free electron transitions), recombination
from different trap sites [46], and black body radiation [92]. Melting of the positive probe
was also noticed in the high-amplitude cases (Figure 6.1c and d), which indicates a very
high gas temperature (greater than the melting point of tungsten at 3422°C) [6].
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Figure 6.1: Pulse experiments through ZnO NRs (average diameter of

+
20 µm

−

+

100 nm) on FTO glass

substrate with τpulse = 100 μs, Ttotal = 1 ms, Vbase = 10 V. Vpulse was increased from 10 V to 40 V in
10 V steps (10 V in a, 20 V in b, 30 V in c, 40 V in d). The probe separation was kept 20 μm and
the spectrometer integration time was maintained at 100 ms for all measurements. Applied voltages
and resulting currents versus time (1st row). Optical emission spectra (2nd row). Video frames of
the light emission (3rd row). Optical micrographs of the test areas after the electrical stress (4th row)
[6].

The overall high light intensity, high degree of ionization, introduction of broadspectrum and probe melting in the high-amplitude cases (Figure 6.1c and d) indicate these
are hot plasmas (with high gas temperature). On the other hand, the low degree of
ionization, absence of the white broad continuum and negligible probe melting in the low
amplitude cases (Figure 6.1a and b) suggest cold plasmas. For the cold ZnO plasmas, the
gas temperature may be as low as the sublimation temperature of ZnO (318°C for zinc face
and 600°C for the oxygen face, and

1975◦ C for decomposition into zinc vapor and
36

oxygen gas) [93]. Further experiments are required to probe the gas temperatures of these
hot and cold plasmas [6].
The pulse duration also affected the characteristics of the generated plasmas. Single
pulses of three different durations (τpulse = 1, 10 and 100 μs) were applied on the same
sample of ZnO nano-forests on FTO glass substrate (Figure 6.2). For each case, the
minimum voltage required to initiate the plasma (VBDmin) was monitored. It was observed
that shorter pulses required higher pulse amplitudes for plasma generation. For instance,
while a 100 μs, 10 V pulse led to plasma generation (Figure 6.2a), a 10 μs pulse required
an amplitude of 24 V (Figure 6.2b), and a 1 μs pulse required 45 V (Figure 6.2c). For each
case, VBDmin resulted in low intensity blue light (or cold ZnO plasma) and any applied
voltage below VBDmin did not lead to any observable light emission.
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Figure 6.2. Example video frames and current and voltage versus time graphs for cold ZnO plasmas
with characteristic blue light emission. The pulse measurements were carried out through ZnO NRs
(with average diameter of ~100 nm) on FTO glass substrate with Vbase = 10 V and (a) Vpulse = 10 V,
τpulse = 100 µs, Ttotal = 1 ms; (b) Vpulse = 24 V, τpulse = 10 µs, Ttotal = 100 µs; (c) Vpulse = 45 V, τpulse =
1 µs, Ttotal = 10 µs. Higher voltage amplitudes were required at lower pulse durations to accomplish
the plasma breakdown [6].

37

Cold ZnO plasmas or
emissions

were

therefore generated with τpulse
of 1-100 μs and Vpulse of 1045 V for the NRs with
diameter of

Intensity (x 103 arb.u.)

blue

(a)

16

12

8

4

100 nm on

FTO glass substrate. Longer

0
200

pulse durations did not lead
to blue emissions – the
smallest voltage of Vpulse = 0
V (with Vbase = 10 V) resulted

spectrum and probe melting

600

800

1000

Wavelength (nm)
Before pulse

st
(b) After 1 pulse

+

−

After 2 pulse

20 µm
rd

(d) After 3 pulse
+

−

(c)
+

−

20 µm
nd

directly in the high intensity
white light with the broad-

400

−

20 µm

(e)
+
20 µm

Figure 6.3: (a) Optical emission spectrum of a hot plasma

– whereas shorter pulse generated through ZnO NRs with diameter of 100 nm on
durations did not lead to

FTO glass substrate with a Vpulse = 40 V, Vbase = 10 V, τpulse =
1 ms and Ttotal = 10 ms. The inset shows the corresponding

plasma generation until the image of the white light emission. (b)–(e) optical images
minimum

required

showing the melting of the positive probe (as indicated by the
yellow dashed circle) while applying three consecutive single

amplitudes (VBDmin) applied pulse voltages of Vpulse = 50 V and τpulse = 10 ms.
(Table 6.1) [6].
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6.2 Substrate effect on plasma generation
Pulse duration
(τpulse)

Required VBDmin = Vpulse + Vbase
On FTO

On p++-poly-Si

On bulk p-Si

(2.4×10−4 Ωcm)

(2.3×10−2 Ωcm)

(20 Ωcm)

100 ms

N/A‡

25V + 10V

50V + 10V

100 µs

9V + 10V

N/A*

N/A*

10 µs

19V + 10V

N/A*

N/A*

Table 6.1. Comparison of the minimum applied voltages required for triggering plasma generation
(VBDmin) for different τpulse on different substrates (with corresponding resistivity values of the bare
substrates). ZnO NRs of larger size ( 500 nm average diameter) were used for this analysis.
‡The sample on FTO substrate did not lead to blue emission for any τpulse > 100 µs even with a
smallest applied voltage of Vpulse = 0 V and Vbase = 10 V.
*The samples on silicon substrates cannot generate any plasma for a τpulse < 100 ms [6].

The pulse measurements were also conducted with the samples grown on p++-polySi and p−-sc-Si substrates. For ZnO NRs on silicon, plasma generation required pulses of
at least 100 ms duration whereas for those on FTO glass pulses as short as 1 μs were
sufficient (Table 6.1). A comparison of the required VBDmin for the samples on these three
substrates was carried out with the ZnO NRs of larger diameters ( 500 nm) (Table 6.1).
Such comparison could not be made with the smaller size NRs (of 100 nm) as the samples
of smaller NRs on silicon substrates could barely emit light (with up to 100 ms, 50 V
pulses) and appear to require even higher energies for plasma generation. The electrical
conductivity of the substrates, which determines the conduction paths through the
nanoforests, appears to play a critical role on the plasma generation. The highest
conductivity substrate, FTO, results in the easiest plasma formation (Table 6.1). This was
also observed under DC sweeps from 0 to 80 V which show overall smallest resistance and
breakdown voltage for the ZnO nanoforests on FTO glass (Figure 6.4) [6].
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Figure 6.4: DC sweep analysis of 0-80 V on the NRs of larger size ( 500 nm average diameter) on
the 3 substrates. The NRs on FTO glass substrate exhibits lowest initial resistance whereas that on
p−-sc-Si shows the highest. A compliance current of 50 mA was set in the parameter analyzer for
safety purpose [6].

6.3 Role of Base Voltage
For the pulse measurement analysis, a Vbase was added to the Vpulse. The duration of
the Vbase was maintained to be 10 times longer than that of the Vpulse for all the pulse
experiments (Ttotal = 10 * τpulse). The Vbase was supplemented in order to prolong the
plasmas generated during the high amplitude brief Vpulse for a slightly longer time so that
the camera and spectrum analyzer could successfully record the data.
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In order to check the effect of this Vbase

Voltage

τpulse

on the plasma generated, measurements were
performed where the Vpulse were applied with
and without the Vbase. The role of Vbase turned

Vpulse
Vbase
Ttotal

Time

out to be almost insignificant during the
generation of the cold ZnO plasmas. Figure 6.5: Applied pulse voltage for the pulse
However, the effect of Vbase was found to be

measurement analysis appended with a longer
base voltage of smaller amplitude.

noticeable in the hot ZnO plasma generation
cases.
In the sample with ~100 nm ZnO NRs on FTO glass, a pulse measurement analysis
was carried out keeping a τpulse of 10 ms with a Vpulse of 15 V and this was added with a
Vbase of 15 V for a Ttotal of 100 ms (Figure 6.6a). Another measurement was conducted on
the same sample excluding the Vbase and keeping a Vpulse of 30 V with the same τpulse (Figure
6.6e). The spectrum for the case without Vbase exhibited a higher overall intensity (Figure
6.6 d and h) as well as greater Stark broadening (inset of Figure 6.6 d and h) indicating a
higher plasma temperature [94].
As a result, adding a base voltage of longer duration with the pulse voltage was not
only beneficial for capturing the video and spectrum of the emission properly but was also
found to be advantageous to keep the gas temperature down by reducing Stark broadening
effect.
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Figure 6.6: Hot plasma generation by pulse measurement analysis with (a-d) and without (e-h) Vbase.
The pulse parameters (a, e), video frames (b, f), optical microscope images after the pulse analysis
(c, g) and the corresponding spectra (d, h) for the cases with and without Vbase, respectively.

6.4 Thin film Experiment
The pulse experiments performed on the ZnO thin films grown by doctor’s blade
technique also resulted in intense light emission. The corresponding spectrum consisted of
a dominant spectral peak at ~590 nm which surpassed the triplet in blue range for the
atomic transition of neutral zinc. As a result, the emitted light was yellowish in color.
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Figure 6.7: Optical emission spectrum of the emitted light from ZnO thin film grown on FTO
substrate. The applied τpulse = 1 ms, Vpulse = 20 V, Vbase= 10 V, and Ttotal = 10 ms. The inset shows
the optical microscope image of the experimental area.

Hence, nanorods, thin films or any other morphologies of ZnO can produce light
emission by plasma generation using the high voltage stress technique.

6.5 Nanomaterial Synthesis
The generation of ZnO plasma by high electrical stress through the ZnO nanoforests
resulted in sputtering of nanomaterials with large surface area on the neighboring regions
(Figure 6.8). Different pulse amplitudes, durations, and different substrates gave rise to
sputtering of different shape and size nanostructures over the ZnO NRs. These resemble
‘nano-sprinkles’ on ZnO NRs on p++-poly- Si (Figure 6.8a), ‘nano-flowers’ on ZnO NRs
on FTO glass (Figure 6.8b), and ‘nano-flowers’ and ‘nano-cauliflowers’ on ZnO NRs on
p−-sc-Si (Figure 6.8c-f). A single pulse of τpulse = 100 ms and Vpulse = 50V through the ZnO
NRs on p++-poly-Si resulted in the ‘nano-sprinkles’ shown in Figure 6.8(a). The ‘nano-
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flowers’ on ZnO NRs on FTO glass (Figure 6.8b) were produced by applying a single pulse
of τpulse = 100 μs, Vpulse = 40V, Vbase = 10 V, Ttotal = 1 ms. The larger surface-area
nanostructures shown in Figure 6.8(c-f) were formed after the repeated application of
multiple single pulses of τpulse = 100 ms, Vpulse = 50V, Vbase = 10 V, Ttotal = 1 s through the
ZnO NRs on p−-sc-Si [6].

Element

Weight

Atomic

%

%

Zinc (Zn)

54.02

27.98

Oxygen (O)

23.48

Silicon (Si)
Tungsten (W)

Element

Weight

Atomic

%

%

Zinc (Zn)

67.81

43.01

49.69

Oxygen (O)

20.91

54.18

17.81

21.47

Tungsten

9.15

2.06

4.69

0.86

(W)
2.12

0.74

Tin (Sn)

Table 6.2: EDX studies on the sputtered material deposited by plasma generation through ZnO
nanorods of the larger diameter on p−-sc-Si (left) and FTO glass (right) substrates (the
corresponding SEM images are shown above the tables).
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(a)

1 µm

(b)

1 µm

(c)

500 nm

(d)
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(e)

500 nm
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1 µm

Figure 6.8: False colored scanning electron micrographs of ZnO nanostructures sputtered over the
ZnO nanorods in the test areas during plasma generation: ‘nano-sprinkles’ on ZnO NRs on p++poly-Si (a), ‘nano-flowers’ on ZnO NRs on FTO glass (b), and ‘nano-flowers’ and ‘nanocauliflowers’ on ZnO NRs on p−-sc-Si (c–f) [6].
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Energy dispersive x-ray spectroscopy (EDX) was carried out on the sputtered area
to obtain the elemental composition of the sputtered material. The results showed

80-

90% (percentage of weight) of ZnO in the sputtered material (Table 6.2) [6].
The nano-flowers and especially the nano-cauliflowers of ZnO provide larger
surface area. This process of nanomaterial synthesis can be used to increase the efficiency
of the ZnO nanostructure-based dye sensitized solar cells (DSSCs) [95]. Larger surface
area enhances the adhesion of light harvesting molecules and thereby improves efficiency
of these solar cells [96].

Substrate

ZnO nanocauliflowers

ZnO
plasma
plume

ZnO nanorods
Probes

ZnO target material
Figure 6.9: Possible arrangement for sputtering deposition of ZnO nanoflowers or nanocauliflowers
throughout an entire sample through plasma generation by high electrical stress on the target.

Hence, the plasma generation technique with high electrical stress through ZnO
nanorods can be utilized to sputter different shapes of nanostructures with larger surface
area. Incorporation of an effective deposition arrangement with this technique can result in
uniform sputtering of these nanostructures throughout an entire sample. A material
deposition setup similar to the pulsed laser deposition (PLD) technique can be adapted here
[97]. Instead of using a high-power pulsed laser beam on the target material, high electrical
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stress needs to be applied on the target material to generate a plasma plume directed toward
an upside-down substrate.

6.6 Mechanisms for plasma formation
The underlying mechanism of the plasma formation process in ZnO nanoforest
grown on polysilicon substrate (Figure 6.10) is essential to understand for proper
applications. In this section, our hypothesis on this process is described briefly.

Probes

−

~15 µm

+
ZnO nanorods

Polysilicon substrate
Figure 6.10: 2D schematic of the probe arrangement across the ZnO nanorods grown on polysilicon
substrate.

Since the ZnO nanoforest material has relatively weak mechanical properties and
adhesion to the substrate, probing with tungsten tips causes some shifting of this material
and hence, the probes are likely to touch both ZnO and the polysilicon substrate. The roomtemperature electrical resistivity of the ZnO nanoforest on highly doped polysilicon is ~6.8
Ω·cm and that of the highly doped polysilicon substrate itself is ~0.02 Ω·cm. Therefore,
the current is expected to mostly flow through the polysilicon substrate, at least in the
beginning when the temperature is low. As the temperature increases, due to Joule heating,
the current paths will change depending on the temperature dependence of the resistivity
of these two materials. Due to the large difference in resistivity, however, it is likely that
the current flows mostly through the polysilicon substrate until the electrical breakdown of
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air or the ZnO nanorods occurs under the high fields and lower resistivity paths open
through the ZnO nanoforest [4].
Because of the geometrical nonuniformity of the ZnO nanoforest, the electrical
resistance and electric field distribution between two probes are also nonuniform.
Therefore, some segments along the current flow path are likely to undergo dielectric
breakdown and joule heating earlier than others. The joule heating in turn results in
sublimation of ZnO into Zn vapor and O2 gas and melting of the polysilicon substrate.
Thus, different regions between the two probes are expected to experience these thermal
changes in a sequential fashion [4].
Typically, 3.4 eV emission (UV light) is expected from ZnO if conduction band to
valance band recombination is the dominant mechanism. White light can also be emitted
from the ZnO structures as the excited carriers trickle down from the conduction band to
valance band through multiple defect levels or because of the optical excitation of materials
by the ultraviolet source [18]. Blue light has been previously observed from ZnO-based
homojunction LEDs, where it is attributed to donor–acceptor pair recombination in the ptype ZnO layer [23] and also from n-ZnO/p-GaN heterojunction LEDs [98]. The
coexistence of electroluminescence and Fabry–Pérot oscillations has also been suggested
as the possible mechanism for blue–white emission from ZnO-based homojunction LEDs
[99].
In our case, the existence of fine lines in the optical emission spectra indicates
generation of a plasma by the dielectric breakdown of air between the ZnO nanorods and
of the breakdown of the ZnO structures themselves, leading to sublimation and plasma
formation in the ZnO nanoforest [4].
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The broad-spectrum (white light) emission (Figure 1.5) can be ascribed to the free–
free electron transitions in the plasma, the electronic excitations within solid ZnO and/or
energy loss through multiple transitions with a very broad-spectrum of trap levels [46].
Blackbody radiation may also contribute to the broad-spectrum, white light emission but
the spectral distribution is distinctly different than what is expected from blackbody
radiation alone [4].

6.7 Comparison

of

Vacuum

and

atmospheric

pressure

measurements
Figure 6.11a shows DC voltage sweep measurement results performed in vacuum
and at atmospheric pressure with a probe separation of ~10 μm on the ZnO nanorods grown
on two adjacent polysilicon microstructures of very similar dimensions (length of 2.5 μm
and width of 2.1 and 2.15 μm). The resulting I–V characteristics showed breakdown
voltages at around 35 and 49 V at vacuum and atmospheric pressure, respectively [4]. At
lower pressure and lower temperature, smaller applied electrical energy lead to sufficient
vapor pressure to initiate the sublimation process [82].
The resulting light emission consisted of multiple flashes for the DC measurements
both in vacuum and at atmospheric pressure. However, the light flashes in the atmospheric
pressure measurements were more intense, whiter, and occurred over a broader area as
compared to those in vacuum (Figure 6.11b–g) [4].
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Figure 6.11: (a) I–V characteristics for two DC voltage sweep measurements from 0–60 V
performed in vacuum (red) and at atmospheric pressure (black). These measurements were
performed on ZnO nanorods grown on two different polysilicon microstructures of very similar
dimensions. (b–g) Video frames extracted from a high-resolution camera recording for the
corresponding light emission for the DC measurements at atmospheric pressure (b–d) and in
vacuum (e–g) [4].

The observation of light emission in vacuum implies that breakdown in ZnO,
sublimation, and subsequent impact ionization are sufficient for the plasma formation
process in the ZnO nanoforest, and hence, air breakdown is not required to initiate the
plasma formation process [4].
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7 | Conclusion
ZnO microplasmas were generated at atmospheric pressure by applying high electrical
stress through ZnO nano-forests. The intensity and characteristics of the microplasmas and
emitted light were adjusted to a certain degree by the amplitude and duration of the applied
voltage pulses. Significant differences were also observed in the electrical conditions
required for plasma generation for ZnO nano-forests grown on different substrates (highly
doped polycrystalline silicon, lightly doped single-crystal silicon and FTO glass). The
highest electrical conductivity substrate, FTO, resulted in easiest plasma formation and
control of the plasma characteristics with the voltage pulse parameters. Both hot and cold
microplasmas could be obtained with ZnO nanoforests on FTO glass. Very high white light
intensity, high degree of ionization, a broad-spectrum and probe melting indicate hot
plasmas whereas lower intensity blue light, low degree of ionization, absence of a broad
continuum and no evidence of probe melting suggest colder plasmas. In addition to the
electrical conductivity, the chemical composition and the surface properties of different
substrates may also play a role in the differences observed in the microplasma formation.
Such cold ZnO microplasmas may find applications in numerous biomedical
procedures whereas hot ZnO microplasmas may be useful for lighting and display device
technologies as well as for nanomaterials synthesis or processing. The large surface area
ZnO nanostructures sputtered in the vicinity of the microplasmas may also be promising to
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increase the efficiency of a variety of sensing or catalytic technologies including dye
sensitized solar cells [6].
The comparison between the results obtained from vacuum and atmospheric
pressure measurements also indicate a plasma process as the dominant mechanism for light
emission. The confinement of the plasma within a micro-chamber to contain the evaporated
material [100] together with integrated electrodes may lead to a sustainable plasma state
that could be tailored for various applications.
Even though many reports on light emission from ZnO refer to solid-state
electroluminescence from homojunction or heterojunction structures, our results show that
plasma formation can also take place with comparable electric fields and currents and can
lead to blue and white light emission [4].
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